Attributing biological explanations to observed ecogeographical and ecological patterns require eliminating potential statistical and sampling artifacts as alternative explanations of the observed patterns. Here, we assess the role of sample size, statistical power, and geographic inclusivity on the general validity and statistical significance of relationships between body size and latitude for 3 well-studied species of turtles. We extend those analyses to emphasize the importance of using statistically robust data in determining macroecological patterns. We examined intraspecific trends in body size with latitude in Chelydra serpentina, Chrysemys picta, and Trachemys scripta using Pearson's correlations, diagnostic tests for influential points, and resampling. Existing data were insufficient to ascertain a latitudinal trend in body size for C. serpentina or T. scripta. There was a significant relationship for C. picta, however, resampling analyses show that, on average, 16 of the 23 available independent populations were needed to demonstrate a significant relationship and that at least 20 of 23 populations were required to obtain a statistically powerful correlation between body size and latitude. Furthermore, restricting the latitudes of populations resampled shows that body size trends of C. picta were largely due to leveraging effects of populations at the edge of the species range. Our results suggest that broad inferences regarding ecological trends in body size should be made with caution until underlying (intraspecific) patterns in body size can be statistically and conclusively demonstrated.
, and low statistical power to detect trends (Thomas and Juanes 1996) . In addition, with small samples, influential outliers can leverage regression trend lines and correlation analyses (Cook 1979; Gerrodette 1987; Belsley et al. 2004) , and obscure actual biological relationships. The leveraging effect of geographic outliers (points that are geographically separated by large distances from other data points in analyses) on body size trends has been shown to be important empirically (Litzgus et al. 2004) , and as a result, the geographic extent of population sampling has the potential to influence observed macroecological patterns.
One important macro-ecological pattern is Bergmann's rule; the observation that larger body sizes are often found in populations in cooler climates (Bergmann 1847) . This rule was logically derived from mechanisms for retaining body heat in endothermic animals (James 1991; Watt et al. 2010) . Similar patterns of body trends have been purported to occur widely among vertebrates (Ashton and Feldman 2003) and invertebrates (Van Voorhies 1996; Atkinson and Sibly 1997) and is potentially deeply rooted phylogenetically (de Queiroz and Ashton 2004) .
Here, we report sensitivity analyses of intraspecific latitudinal patterns of body size. We evaluate the statistical requirements for demonstrating body size trends for 3 turtle species, discuss the shortcomings of some conventional statistical approaches, and provide an alternative diagnostic tool based upon statistical resampling. While we focus on the relationship between latitude and body size (which is often considered an indirect test of Bergmann's Rule), resampling can be easily extended to other environmental and geographic gradients (e.g., temperature, elevation, salinity, and pH) that function as useful predictors of, or explanations for, variation in phenotypic traits.
Materials and Methods

Intra-specific body size trends
We assembled data on body size for 3 species of semi-aquatic North American turtles, the Snapping Turtle Chelydra serpentina Linnaeus, the Pond Slider Trachemys scripta Schoepff, and the Painted Turtle Chrysemys picta Schneider. These 3 species are among the most abundant, and the most studied aquatic turtles of North America, and each has a broad geographic range extending over at least 20-30 degrees in latitude (Ernst and Barbour 1989; Ernst et al. 1994) . Data were gathered from published reviews and reports (Iverson et al. 1997; Lindeman 1997; Tucker et al. 1998; Ashton and Feldman 2003; Cooley et al. 2003; Aresco 2004; Emer 2004 ) and verified against their original data sources to avoid duplication. Body size is reported as carapace length for C. serpentina and as plastron length for C. picta and T. scripta.
We restricted the analyses to the North American populations of these species above 27.5 north latitude. Both C. serpentina and T. scripta have additional and limited ranges in southern México and Central America (Ernst and Barbour 1989) , but we chose not to include 4 populations of these species because those populations were geographically separated from the nearest adjacent population by more than 9 latitude and phylogenetic analyses suggest that those populations likely represent distinct taxa (Seidel et al. 1999; Starkey et al. 2003) .
We restricted analyses to sites for which there were data on at least 10 individuals per population (following Ashton and Feldman 2003) . To avoid obfuscating differences among populations due to sexual size dimorphism, we included only females in analyses (Gibbons and Lovich 1990; Lovich and Gibbons 1992) . For the well-studied Painted Turtle, C. picta, we restricted studies to those with at least 30 female individuals per population. It is at this sample size (where df ¼ 29) that Student's t distribution closely approximates the standard normal z distribution (Student 1908) and the sample can be considered statistically large.
For each of the 3 turtle species, we calculated Pearson's correlation coefficient, r, for the relationship between mean body size of the individuals at each site and latitude of those sites, along with the corresponding probability value (P) at a ¼ 0.05. We diagnosed potentially influential outlier populations in each correlation by computing 3 measures commonly used in regression analyses to assess sample leverage and influence; DFFITS, the influence of i-th observation on the fitted value ofŶ i ; DFBETAS, the standardized difference for each individual coefficient estimate resulting from the exclusion of the i-th observation; Cook's D, an overall measure of the combined impact of the i-th observation on all of the estimated regression coefficients (Neter et al. 1990 ).
Sample size and power
To investigate the effect of sample size (number of sample populations) on body size trends, we used MATLAB (Mathworks, Natick, MA, USA) to iteratively resample (Crowley 1992; Roff 2006 ) the latitude-body size data. For each species, we started with 10,000 random draws (with replacement) of body sizes from 3 sample populations from the universe of populations, and calculated the correlation coefficients and associated probability values of each draw. From this resampling, we took the mean correlation coefficient for body size and latitude, the statistical significance of the mean value of r, by comparing it to the critical value (r crit ), and the number of statistically significant draws among the 10,000 total draws. We determined the statistical power (1-b) to detect a significant trend by counting the number statistically significant draws. Sufficient power was achieved when 80% of the 10,000 random draws were significant (Cohen 1988) . We then increased the number of sample populations to be drawn by 1, and then repeated the process until all populations were analyzed the same way.
Geographic extent and outlier effects
To investigate the effect of the geographic extent of populations used in analyses, we randomly subsampled the data, but manipulated the ranges of latitudes included in the resampling. We restricted analyses to C. picta because it was the only species (of the 3) to show an overall significant size-latitude relationship (see "Results" below).
For C. picta, we first resampled the full data set of 23 populations, and then restricted resampling to geographic subsets: the middle 19 populations in latitude (the core of the species latitudinal range), middle 21, lower 21, upper 21, lower 22, and upper 22 (Table 1) . For the full dataset and each of the subsets, we conducted the random draw as described above, starting with 10,000 draws of 3 populations and increasing number of drawn populations by 1 until all populations had been included.
Results
Intraspecific body size trends
There was no significant latitudinal trend in body size for C. serpentina (n ¼ 11; r ¼ 0.310; P ¼ 0.35) or T. scripta (n ¼ 22; r ¼ 0.360; P ¼ 0.10), but mean body sizes of C. picta populations correlated with latitude (n ¼ 23; r ¼ 0.521; P ¼ 0.01; Figure 1 ). However, the mean r (from 10, 000 draws) for C. picta was only statistically significant (r > r crit ) after including 16 of the 23 total sample populations in resampling analyses (Figure 2) , and the mean r for T. scripta or C. serpentina was never significant, regardless of how many populations were included (Figure 2 ).
Sample size and power
Sufficient power to detect a trend (1-b ! 0.80) for C. picta was only achieved in 3 cases (Figure 3) : when sampling at least 20 of the total 23 populations, when sampling at least 20 of the upper 21 populations, or when sampling all 22 of the upper 22 populations. Because it was not possible (on average) to observe a significant body size trend with respect to latitude for either C. serpentina or T. scripta, results from power analyses are not presented for those species.
Geographic extent and outlier effects
Our resampling analysis demonstrated a strong influential role of one population ("Population W," Figure 1 ). In no case was a significant trend detected when W was excluded from analyses. This population was not identified as influential according to conventional regression diagnostics. Population W had a Cook's D of 0.23, DFFITS of 1.00 and DFBETAS of 0.90. Cutoff values to judge the influence of a data point are values >2 for DFFITS and DFBETAS (Belsley et al. 2004 ) and 0.5 for Cook's D (Neter et al. 1990) . Even under more conservative DFFITS and DFBETAS criteria of 1 (Neter et al. 1990 ), population W would not be considered likely to exert a substantial effect on regression results. Thus, conventional regression diagnostics failed to detect that a single data point determined the significant clinal relationship. In contrast, the influence of this population was always detected by our resampling approach (Table 1, Figure 3 ).
Discussion
With available data on body sizes of turtles, it may not be possible to confirm a significant intraspecific body size trend in relation to latitude in well-studied species (T. scripta and C. serpentina). Even in the very well-studied C. picta, 16 sample populations were required to determine a statistically significant mean trend (Figure 2 ). To have sufficient statistical power (1-b > 0.8) to detect a significant trend in C. picta required sampling across $20 latitude.
In our analyses, the most northerly population of C. picta ultimately determined whether a statistically significant trend could be found. A single population effectively dominated every analysis, and when it was deleted from the total dataset, it was not possible to obtain a significant latitude-body size correlation, or to accumulate sufficient statistical power to detect a trend. This population would not be identified as individually influential when using traditional diagnostics, but resampling demonstrated its large leveraging effect.
It is unclear whether the influence of the leveraging population (W) represents a real biogeographical relationship or whether a unique evolutionary history led to that single population's large mean size. However, assuming that statistical power accumulates in other species as it does for C. picta, these results provide initial estimates for the approximate sample sizes and geographic representation needed to detect and describe intraspecific body size trends.
Difficulties in detecting body size trends, and the accumulation of statistical power, are often overlooked issues in ecological and biogeographic investigations (Gerrodette 1987; Thomas and Juanes 1996; Gotelli and Ellison 2004) . Our analyses also demonstrate that the geographic extent of sampling importantly influences the ability to detect body size trends. The effect of influential populations has also been observed empirically. Litzgus et al. (2004) found that a body size trend in relation to latitude in the Spotted Turtle Clemmys guttata was only supported by including a single extreme northern population. Geographic extent of data used in analyses has been important in detecting other commonly referenced biogeographic trends, and Harcourt (2000) reported that the influence of geographic outliers largely determined the ability to demonstrate significant Rapoport trends (species having larger geographic ranges at higher latitudes) in primates.
Our results indicate that individual intraspecific trends should be considered when interpreting interspecific patterns and/or macroecological patterns across broad or phylogenetically disparate groups. Ashton (2004) reports that interspecific latitude-body size trends calculated from a wide range of intraspecific data across all tetrapods were robust to variation in both sampling (sample size) and geographic inclusivity (range of sample latitude). Our analyses do not contradict those interspecific findings, but draw attention to the importance of biological variation and the need for statistical rigor in individual intraspecific studies, which are often overlooked in broad analyses (necessarily so as the goals of macro and metaanalyses are to draw broad inference).
Numerous diagnostic techniques are available to detect outliers and leveraging (Martin and Roberts 2006) , however, our results demonstrate that common diagnostic procedures may not always be able detect problems with real world data. In particular, commonly used regression diagnostics (DFFITS, DFBETAS, and Cook's D) can fail to recognize influential data points that, in and of themselves, can determine whether a significant body size trend with respect to latitude can be demonstrated. We, therefore, propose using resampling as an additional diagnostic tool to evaluate sample size and statistical power, as well as to identify influential observations and potential outliers in intraspecific analyses.
By drawing attention to, and addressing the importance of these issues at the intraspecific level, macroecological analyses (interspecific) combined from intraspecific data should be far more statistically defensible. Although we have shown how ignoring sample size, statistical power, and geographic extent can lead to potentially misleading conclusions for body size trends with respect to latitude in turtles, these considerations should be addressed in all studies attempting to identify broad ecological and biogeographic patterns. Moreover, the general diagnostic framework of resampling techniques provided here (Supplementary Appendix S1 provides an R version of the code) can easily be extended to other predictors of and explanations for geographic variation in phenotypic traits.
Acknowledgments
This paper came from several critical discussions with students and faculty at the University of Nevada, Reno. Mike Sears provided useful encouragement and advice concerning resampling analyses, Kyle Ashton and Chris Feldman provided useful data tables and appendices. We thank members of the EECB Figure 2 . Resampling analyses (10,000 random draws per point) of the mean value of the correlation coefficient, r, between body size and latitude in relation to sample size in 3 species of North American turtles (error bars are 6 1 SD). For T. scripta and C. serpentina, it is not possible to obtain a significant mean correlation where the calculated r is larger than the critical value of r (dashed line); for C. picta, 16 or more populations (filled circles) must be part of the sample to yield a significant mean correlation.
peer review group for comments on an early version of the manuscript. The UNR Program in Ecology, Evolution, and Conservation Biology, and the Biological Resources Research Center provided funding.
